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E-mail address: shima@mpi-marburg.mpg.de (S. S[Fe]-Hydrogenase catalyzes the reversible activation of H2. CO and CN inhibit this enzyme with low
afﬁnity (Ki ﬃ 0.1 mM) by binding to the iron site of the bound iron-guanyrylpyridinol cofactor. We
report here that isocyanides, which are formally isoelectronic with CO and CN, strongly inhibit
[Fe]-hydrogenase (Ki as low as 1 nM). The [NiFe]- and [FeFe]-hydrogenases tested were not inhibited
by isocyanides. UV–Vis and infrared spectra revealed that the isocyanides bind to the iron center of
[Fe]-hydrogenase. The inhibition kinetics are in agreement with the proposed catalytic mechanism,
including the open/closed conformational change of the enzyme.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction substrates, the conformation of the enzyme changes to its closed[Fe]-Hydrogenase is involved in the methanogenic pathway in
many cytochrome-free hydrogenotrophic methanogenic archaea
[1]. The enzyme reversibly catalyzes the activation and heterolytic
cleavage of molecular hydrogen, and the hydride ion formed is ste-
reospeciﬁcally transferred to methenyl-tetrahydromethanopterin
(methenyl-H4MPT+) [2], forming methylene-tetrahydromethanop-
terin (methylene-H4MPT) and a proton. [Fe]-Hydrogenase contains
an iron-guanylylpyridinol (FeGP) cofactor [3,4]. The crystal struc-
ture of [Fe]-hydrogenase revealed the geometry of the iron site,
in which the iron is complexed with nitrogen of the pyridinol ring,
acyl-carbon of a substituent of the pyridinol ring, two intrinsic CO
ligands, Cys176-sulfur, and ‘‘solvent’’ [5,6]. The ‘‘solvent’’-binding
site is proposed to be an ‘‘open’’ site for H2 binding (Fig. 1).
The co-crystal structure of the [Fe]-hydrogenase C176A mutant
with methylene-H4MPT revealed that methylene-H4MPT binds to
the central domain of the enzyme at a distance of 9 Å from the
FeGP cofactor; the cofactor is bound to the N-terminal peripheral
domain in the open conformational form of the active-site cleft
of the enzyme [7]. It is proposed that upon binding of thechemical Societies. Published by E
ydromethanopterin; methy-
eGP, iron-guanylylpyridinol;
r terrestrische Mikrobiologie,
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hima).form (Supplementary Fig. S1). In the closed cleft, methenyl-
H4MPT+ sits near the iron site inside the hydrophobic cavity
formed between the two domains. H2 is supplied to the active site
possibly via a narrow channel formed between the domains after
the cleft closes, and subsequent catalytic reactions then occur
[7]. Recent iron-chromophore circular-dichroism experiments sup-
port this conformational change [8].
Extrinsic CO and CN inhibit [Fe]-hydrogenase with relatively
low afﬁnity (Ki ﬃ 0.1 mM) [4]. Infrared, Mössbauer, and X-ray
absorption spectroscopic analyses indicate that these compounds
bind to the iron site of [Fe]-hydrogenase [9–12]. CO also inhibits
most [NiFe]- and [FeFe]-hydrogenases (Ki = 1–150 lM) [13,14],
which are phylogenetically distinct from [Fe]-hydrogenases and
contain dinuclear metal centers composed of nickel and iron, and
two iron ions, respectively [15,16], as well as iron–sulfur clusters.
Infrared and X-ray crystallographic studies indicate that CO binds
to the nickel ion in [NiFe]-hydrogenase [17] and to the distal iron
in [FeFe]-hydrogenase [18]. Generally, cyanide ion has little effect
on [NiFe]- and [FeFe]-hydrogenases [13].
Isocyanides (CN-R) are inhibitors of several metalloenzymes,
e.g., nitrogenase (Ki = 158 lM) [19], carbon monoxide dehydroge-
nase (Ki = 1.66 mM) [20], and heme proteins such as P450
(Kd = 100 lM) [21]. Reports on the effects of isocyanides on
hydrogenase activity were not found in our literature survey. Iso-
cyanides are formally isoelectronic with CO and CN, but isocya-
nides are slightly better r-donors and weaker p-acceptors than
CO. The electronic character of isocyanides is tuned up by thelsevier B.V. All rights reserved.
Fig. 1. Structures of (A) cyclohexylisocyanide, (B) butylisocyanide, (C) meth-
ylisocyanoacetate, (D) p-toluenesulfonylmethylisocyanide, and (E) FeGP cofactor.
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divalent carbon, which enables these compounds to behave as
strong carbon ligands for transition metals by the function of the
non-bonding electron pair in the sp-hybridized orbitals [20]. Iron
complexes containing isocyanide ligands have been synthesized
[22,23].
Here we report that isocyanides inhibit [Fe]-hydrogenase with
very high afﬁnity (Ki as low as 1 nM). The inhibition kinetics are
in agreement with the proposed catalytic mechanism of this en-
zyme. We investigated the binding of the isocyanides to the iron
site of FeGP cofactor bound to the enzyme using UV–Vis and infra-
red spectroscopy.
2. Materials and methods
2.1. Materials
Isocyanides were obtained from Sigma. Methenyl-H4MPT+ and
H4MPT were puriﬁed fromMethanothermobacter marburgensis cells
as described previously [24]. Methylene-H4MPT was synthesized
from H4MPT [11]. [Fe]-Hydrogenase was puriﬁed according to Lyon
et al. [4] from M. marburgensis cells. FeGP cofactor was extracted
and puriﬁed from [Fe]-hydrogenase of M. marburgensis as de-
scribed previously with slight modiﬁcation [9]; the cofactor was
puriﬁed using an aqueous 0.01% HN3/1 mM 2-mercaptoethanol
solution.
2.2. Enzyme assay
Fe]-Hydrogenase activity was assayed photometrically in quartz
cuvettes as described previously [2]. The rate of methylene-H4MPT
dehydrogenation was determined at 40 C by following the forma-
tion of methenyl-H4MPT+ at 336 nm (e336 = 21.6 mM1 cm1). The
standard assay mixture contained 120 mM potassium phosphate,
pH 6.0, 1 mM EDTA, and 20 lM methylene-H4MPT. The gas phase
was 100% N2. The reaction was started by addition of methylene-
H4MPT. The rate of methenyl-H4MPT+ reduction with H2 was deter-
mined at 40 C by following the consumption of methenyl-H4MPT+at 336 nm. The 0.7-ml standard assay mixture contained 120 mM
potassium phosphate, pH 7.5, 1 mM EDTA, and 20 lM methenyl-
H4MPT+. The gas phase was a mixture of H2 and N2 at various ratios
(100 kPa). The reaction was started by addition of methenyl-
H4MPT+.
F420-reducing [NiFe]-hydrogenase puriﬁed fromM.marburgensis
and [FeFe]-hydrogenase contained in the cell extract of Clostridium
kluyveri [25] were assayed by measuring benzyl-viologen-reducing
activity. The assay mixture contained 120 mM potassium phos-
phate, pH 6.0, 2 mM benzyl viologen (e578 = 8.6 mM1 cm1). The
gas phase was 100% H2 (150 kPa). The enzyme reaction was started
by addition of puriﬁed F420-reducing hydrogenase or C. kluyveri cell
extract. The rate of benzyl biologen reduction with H2 was deter-
mined at 40 C by following the absorption at 578 nm.
2.3. Spectroscopy
Infrared spectroscopy was performed using a Bruker VERTEX 70
FTIR spectrometer equipped with a MCT detector. Attenuated total
reﬂection (ATR) optical conﬁguration (DuraSampleIR™, SENSIR
TECHNOLOGIES) was employed with a silicon prism. The measure-
ments were handled under red light in order to avoid photo-
induced denaturation of the sample. Infrared spectra were
continuously recorded with averaging of 1280 scans at 4 cm1
resolution under an argon stream, where the sample was gradually
concentrated on the optical element of ATR unit due to evaporation
of water solute. The sample spectrumwas chosen when the sample
concentration is sufﬁciently high to resolve the CO or CN band from
the cofactor, followed by handling the water band subtraction and
the baseline correction. As a control, 10 ll of [Fe]-hydrogenase in
50 mMMes/NaOH, pH 6.0 (90 mg ml1) in the absence of inhibitors
was measured. For the cyclohexylisocyanide-inhibited sample, the
enzyme (ﬁnal concentration 0.25 mM) and cyclohexylisocyanide
(ﬁnal concentration 0.5 mM) were mixed in 2 ml 50 mM Mes/
NaOH, pH 6.0. The enzyme–cyclohexylisocyanide complex solution
was subsequently concentrated to 170 mg ml1 by ultraﬁltration. A
5 ll aliquot of the sample was diluted with 5 ll buffer and then
analyzed. For the cyanide-inhibited sample, 10 ll of 90 mg ml1
enzyme in 50 mM Mes/NaOH, pH 6.0 was mixed with 2.5 ll of
freshly prepared 20 mM KCN on the window of the prism. The
UV–Vis spectra of the enzyme were recorded using a Shimadzu
UV-1650-PC.
3. Results
3.1. Inhibition of [Fe]-hydrogenase by isocyanides
All isocyanides tested—p-toluenesulfonylmethylisocyanide,
cyclohexylisocyanide, butylisocyanide and methylisocyanoacetate
(Fig. 1)—inhibited [Fe]-hydrogenase. We determined the Ki of these
isocyanides using Dixon plots of the oxidation rate of methylene-
H4MPT (Ki = 1, 20, 30, and 150 nM). Cyclohexylisocyanide revealed
slight and p-toluenesulfonylmethylisocyanide revealed strong
slow-binding properties (for deﬁnition see Ref. [26]). To check
the reversibility of the inhibition, the enzyme was incubated with
an excess amount (0.5 mM) of cyclohexylisocyanide in 50 mM
Mes/NaOH, pH 6.0, concentrated by ultraﬁltration, and then di-
luted. The activity assay was started by injection of the diluted
solution. The speciﬁc activity observed was the same as that of
the enzyme not treated with cyclohexylisocyanide.
The kinetics data of cyclohexylisocyanide inhibition are
shown in Supplementary Fig. S2. According to the Dixon plot
(Supplementary Fig. S2A), the Lineweaver–Burke plots indicated
that the Km of the substrate (15 lM) increased to 50 lM by addi-
tion of 40 nM cyclohexylisocyanide (Supplementary Fig. S2B),
which suggests that binding of cyclohexylisocyanide and methy-
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strongly inhibited the reverse reaction, reduction of methenyl-
H4MPT+ (Ki = 75 nM). The Dixon plots suggested that binding of
cyclohexylisocyanide and methenyl-H4MPT+ is also mutually
exclusive (Supplementary Fig. S2C). On the other hand, the Dix-
on plots under different H2 partial pressure intersect on the ab-
scissa, which suggests that binding of cyclohexylisocyanide and
H2 is not mutually exclusive (Supplementary Fig. S2D).
Cyclohexylisocyanide did not inhibit F420-dependent methy-
lene-H4MPT dehydrogenase (Mtd), which catalyzes the reversible
dehydrogenation of methylene-H4MPT in the same buffer usedFig. 2. UV–Vis spectra of 0.2 mM [Fe]-hydrogenase in 50 mM Mes/NaOH, pH 6.0.
Where indicated the enzyme was inhibited by 0.5 mM cyclohexylisocyanide,
0.4 mM KCN, or CO (100% in the gas phase). The samples were in 3-mm quartz
cuvettes.
Fig. 3. Attenuated total reﬂection infrared (ATR-IR) spectra of [Fe]-hydrogenase.
The two major peaks (2009 and 1944 cm1 in the enzyme without inhibition) are
the infrared absorption peak of intrinsic CO ligand bound to the iron site of FeGP
cofactor bound to this enzyme. Where indicated 0.5 mM cyclohexylisocyanide or
4 mM KCN was added. For the preparation of the sample, see Section 2.for [Fe]-hydrogenase; Mtd uses reduced F420 rather than H2 as a
reductant [24]. This result indicated that methylene-H4MPT is
not chemically modiﬁed by isocyanides. Cyclohexylisocyanide
(0.1 mM) did not inhibit F420-reducing [NiFe]-hydrogenase puriﬁed
from M. marburgensis or [FeFe]-hydrogenase in C. kluyveri cell
extracts.
3.2. UV–Vis spectroscopy
The UV–Vis spectrum of [Fe]-hydrogenase reveals the absorp-
tion at 360 nm corresponding to the FeGP cofactor bound to the
enzyme and a shoulder at 300 nm associated with the 280 nm pro-
tein peak (Fig. 2). The UV–Vis spectrum of [Fe]-hydrogenase at the
iron-chromophore region (300–500 nm) changed when CO, CN, or
cyclohexylisocyanide was added, which indicates that these inhib-
itors bind to the FeGP cofactor bound to the enzyme. The UV–Vis
spectra of CN- and cyclohexylisocyanide-inhibited enzyme were
similar and differed from that of CO-inhibited enzyme.
3.3. Infrared spectroscopy
Two prominent bands were observed at 2009 and 1944 cm1 for
pure [Fe]-hydrogenase (Fig. 3, top), which are almost the same as
those from transmission infrared spectroscopy reported previously
[10]. These bands assigned to stretching modes of the two intrinsic
CO ligands bound to the iron site of this enzyme. Binding of cyclo-
hexylisocyanide to the enzyme induced an additional peak at
2177 cm1, and the intrinsic CO peaks were shifted and separated.
Each of the separated CO peaks appears to be composed of two
bands (2021/2005 and 1963/1947 cm1; Fig. 3, middle), which sug-
gests the presence of at least two different conformations of the en-
zyme–inhibitor complex. The peak at 2177 cm1 corresponds to the
C–N stretching bandof the isocyanidemolecule bound tometal [27].
The attenuated total reﬂection infrared (ATR-IR) spectrum of
[Fe]-hydrogenase inhibited by CN (Ki = 0.1 mM) was almost iden-
tical to that reported previously using transmission infrared
spectroscopy (Fig. 3, bottom) [10]. The ATR-IR spectrum of [Fe]-
hydrogenase with 0.5 mM cyclohexylisocyanide/4 mM CN was
identical to that of the enzyme inhibited by only 0.5 mM cyclo-
hexylisocyanide, in which the C–N stretching band of CN was
not observed (Supplementary Fig. S3). This result revealed that
binding of isocyanides and CN to the iron site is mutually exclu-
sive, and the binding afﬁnity of the isocyanide is higher than that
of cyanide. When [Fe]-hydrogenase was incubated under 100%
CO and then put on the sample window under a stream of Ar,
the infrared spectrum showed that CO still partially binds to the
enzyme. However, in the presence of 0.5 mM cyclohexylisocya-
nide, only the peaks of the cyclohexylisocyanide-inhibited enzyme
were observed (Supplementary Fig. S3), which indicated that the
binding of CO and cyclohexylisocyanide are also mutually
exclusive.4. Discussion
We showed that isocyanides reversibly inhibit [Fe]-hydroge-
nase with very high afﬁnity. UV–Vis and infrared spectroscopy
indicated that isocyanides bind to the iron site of [Fe]-hydroge-
nase. Cyclohexylisocyanide did not inhibit [NiFe]-hydrogenase or
[FeFe]-hydrogenase tested, which suggests that the inhibition by
isocyanides is speciﬁc for [Fe]-hydrogenase. But it cannot be ex-
cluded that the [NiFe]- and [FeFe]-hydrogenase tested in this work
could be exceptionally insensitive towards isocyanides. It is impor-
tant to note that the [NiFe]-hydrogenases from Pyrococcus furiosus
and from Ralstonia eutropha appear to be insensitive towards CO,
which generally inhibits all types of hydrogenases [28].
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binding site for H2 and also for the inhibitors (see Fig. 1) [7].
Recently, several model compounds of FeGP cofactor have been
synthesized [22,29–33]. In some model compounds, an additional
ligand, such as CO, cyanide, or isocyanide can bind to the iron site
trans to the acyl ligand [22,31,33]. In the open conformation, the
cyclohexylisocyanide molecule bound to the iron site does not ap-
pear to interfere with the binding of the substrate or vice versa
considering the space between the iron site and the substrate-
binding site. However, the kinetic analysis suggested that the
binding of the substrates (methenyl- and methylene-H4MPT) and
cyclohexylisocyanide are mutually exclusive (Supplementary
Fig. S2A–C), which suggests that the cleft might be closed upon
binding of the substrates, as proposed in the catalytic mechanism
(see Section 1) [7,8]. The bulky cyclohexylisocyanide molecules
can approach the iron site of the enzyme only in its open form,
whereas H2 cannot bind to the iron site in the open conformation
because the intact active site for H2 activation is proposed to be
formed only after binding of methenyl-H4MPT+ and concomitant
closing of the cleft (Supplementary Fig. S1). In the closed confor-
mation, H2 could bind to the iron site but cyclohexylisocyanides
cannot approach the iron site of the enzyme. Consequently, isocy-
anides and H2 would not compete for binding to the iron site in
both the open and closed conformations. Thus, the proposed mech-
anism can explain the apparent contradiction that binding of
cyclohexylisocyanide and H2 are not mutually exclusive (Supple-
mentary Fig. S2D) despite H2 and cyclohexylisocyanide most prob-
ably binding to the same site on the iron.
Acknowledgements
This work was supported by the Max Planck Society, the Fonds
der Chemischen Industrie, the BMBF (BioH2 project), and the
PRESTO program of Japan Science and Technology Agency (JST).
S.S. was ﬁnanced by a grant to R.K. Thauer from the Max Planck
Society; we also thank him for helpful discussions and critical
reading of the manuscript.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2010.12.014.
References
[1] Thauer, R.K., Kaster, A.K., Goenrich, M., Schick, M., Hiromoto, T. and Shima, S.
(2010) Hydrogenases frommethanogenic archaea, nickel, a novel cofactor, and
H2 storage. Annu. Rev. Biochem. 79, 507–536.
[2] Zirngibl, C., van Dongen, W., Schwörer, B., von Bünau, R., Richter, M., Klein, A.
and Thauer, R.K. (1992) H2-forming methylenetetrahydromethanopterin
dehydrogenase, a novel type of hydrogenase without iron–sulfur clusters in
methanogenic archaea. Eur. J. Biochem. 208, 511–520.
[3] Buurman, G., Shima, S. and Thauer, R.K. (2000) The metal-free hydrogenase
from methanogenic archaea: evidence for a bound cofactor. FEBS Lett. 485,
200–204.
[4] Lyon, E.J., Shima, S., Buurman, G., Chowdhuri, S., Batschauer, A., Steinbach, K.
and Thauer, R.K. (2004) UV-A/blue-light inactivation of the ‘metal-free’
hydrogenase (Hmd) from methanogenic archaea: the enzyme contains
functional iron after all. Eur. J. Biochem. 271, 195–204.
[5] Hiromoto, T., Ataka, K., Pilak, O., Vogt, S., Stagni, M.S., Meyer-Klaucke, W.,
Warkentin, E., Thauer, R.K., Shima, S. and Ermler, U. (2009) The crystal
structure of C176A mutated [Fe]-hydrogenase suggests an acyl-iron ligation in
the active site iron complex. FEBS Lett. 583, 585–590.
[6] Shima, S., Pilak, O., Vogt, S., Schick, M., Stagni, M.S., Meyer-Klaucke, W.,
Warkentin, E., Thauer, R.K. and Ermler, U. (2008) The crystal structure of [Fe]-
hydrogenase reveals the geometry of the active site. Science 321, 572–575.[7] Hiromoto, T., Warkentin, E., Moll, J., Ermler, U. and Shima, S. (2009) The crystal
structure of an [Fe]-hydrogenase-substrate complex reveals the framework for
H2 activation. Angew. Chem., Int. Ed. 48, 6457–6460.
[8] Shima, S., Vogt, S., Göbels, A. and Bill, E. (2010) Iron-chromophore circular
dichroism of [Fe]-hydrogenase: the conformational change required for H2
activation. Angew. Chem. Int. Ed. 49, 9917–9921.
[9] Korbas, M., Vogt, S., Bill, E., Meyer-Klaucke, W., Lyon, E.J., Thauer, R.K. and
Shima, S. (2006) The iron–sulfur cluster-free hydrogenase (Hmd) is a
metalloenzyme with a novel iron binding motif. J. Biol. Chem. 281, 30804–
30813.
[10] Lyon, E.J., Shima, S., Boecher, R., Thauer, R.K., Grevels, F.W., Bill, E., Roseboom,
W. and Albracht, S.P.J. (2004) Carbon monoxide as an intrinsic ligand to iron in
the active site of the iron–sulfur-cluster-free hydrogenase H2-forming
methylenetetrahydromethanopterin dehydrogenase as revealed by infrared
spectroscopy. J. Am. Chem. Soc. 126, 14239–14248.
[11] Shima, S., Lyon, E.J., Thauer, R.K., Mienert, B. and Bill, E. (2005) Mössbauer
studies of the iron–sulfur cluster-free hydrogenase: the electronic state of the
mononuclear Fe active site. J. Am. Chem. Soc. 127, 10430–10435.
[12] Salomone-Stagni, M., Stellato, F., Whaley, C.M., Vogt, S., Morante, S., Shima, S.,
Rauchfuss, T.B. and Meyer-Klaucke, W. (2010) The iron-site structure of [Fe]-
hydrogenase and model systems: an X-ray absorption near edge spectroscopy
study. Dalton Trans. 39, 3057–3064.
[13] Adams, M.W.W., Mortenson, L.E. and Chen, J.S. (1980) Hydrogenase. Biochim.
Biophys. Acta 594, 105–176.
[14] Arp, D.J. and Burris, R.H. (1981) Kinetic mechanism of the hydrogen-oxidizing
hydrogenase from soybean nodule bacteroids. Biochemistry 20, 2234–2240.
[15] Fontecilla-Camps, J.C., Volbeda, A., Cavazza, C. and Nicolet, Y. (2007) Structure/
function relationships of [NiFe]- and [FeFe]-hydrogenases. Chem. Rev. 107,
4273–4303.
[16] Vignais, P.M., Billoud, B. and Meyer, J. (2001) Classiﬁcation and phylogeny of
hydrogenases. FEMS Microbiol. Rev. 25, 455–501.
[17] Ogata, H., Mizoguchi, Y., Mizuno, N., Miki, K., Adachi, S., Yasuoka, N., Yagi, T.,
Yamauchi, O., Hirota, S. and Higuchi, Y. (2002) Structural studies of the carbon
monoxide complex of [NiFe]hydrogenase from Desulfovibrio vulgaris Miyazaki
F: suggestion for the initial activation site for dihydrogen. J. Am. Chem. Soc.
124, 11628–11635.
[18] Lemon, B.J. and Peters, J.W. (1999) Binding of exogenously added carbon
monoxide at the active site of the iron-only hydrogenase (CpI) from
Clostridium pasteurianum. Biochemistry 38, 12969–12973.
[19] Rubinson, J.F., Corbin, J.L. and Burgess, B.K. (1983) Nitrogenase reactivity:
methyl isocyanide as substrate and inhibitor. Biochemistry 22, 6260–6268.
[20] Kumar, M. and Ragsdale, S.W. (1995) N-Butyl isocyanide – a structural and
functional analog of carbon-monoxide for carbon monoxide dehydrogenase
from Clostridium thermoaceticum. J. Am. Chem. Soc. 117, 11604–11605.
[21] Imai, Y., Okamoto, N., Nakahara, K. and Shoun, H. (1997) Absorption spectral
studies on heme ligand interactions of P-450nor. Biochim. Biophys. Acta 1337,
66–74.
[22] Chen, D.F., Scopelliti, R. and Hu, X.L. (2010) Synthesis and reactivity of iron
acyl complexes modeling the active site of [Fe]-hydrogenase. J. Am. Chem. Soc.
132, 928–929.
[23] Nehring, J.L. and Heinekey, D.M. (2003) Dinuclear iron isonitrile complexes:
models for the iron hydrogenase active site. Inorg. Chem. 42, 4288–4292.
[24] Shima, S. and Thauer, R.K. (2001) Tetrahydromethanopterin-speciﬁc enzymes
from Methanopyrus kandleri. Methods Enzymol. 331, 317–353.
[25] Wang, S.N., Huang, H.Y., Moll, J. and Thauer, R.K. (2010) NADP(+) reduction
with reduced ferredoxin and NADP(+) reduction with NADH are coupled via
an electron-bifurcating enzyme complex in Clostridium kluyveri. J. Bacteriol.
192, 5115–5123.
[26] Morrison, J.F. (1982) The slow-binding and slow, tight-binding inhibition of
enzyme-catalyzed reactions. Trends Biochem. Sci. 7, 102–105.
[27] Nakamoto, K. (1986) Infrared and Raman Spectra of Inorganic and
Coordination Compounds, fourth ed, John Wiley and Sons, New York.
[28] Adams, M.W.W. (1990) The structure and mechanism of iron-hydrogenases.
Biochim. Biophys. Acta 1020, 115–145.
[29] Chen, D., Scopelliti, R. and Hu, X. (2010) [Fe]-hydrogenase models featuring
acylmethylpyridinyl ligands. Angew. Chem., Int. Ed. 49, 7512–7515.
[30] Liu, T.B., Li, B., Popescu, C.V., Bilko, A., Perez, L.M., Hall, M.B. and Darensbourg,
M.Y. (2010) Analysis of a pentacoordinate iron dicarbonyl as synthetic
analogue of the Hmd or mono-iron hydrogenase active site. Chem. Eur. J. 16,
3083–3089.
[31] Royer, A.M., Rauchfuss, T.B. and Gray, D.L. (2009) Oxidative addition of
thioesters to iron(0): active-site models for Hmd, nature’s third hydrogenase.
Organometallics 28, 3618–3620.
[32] Turrell, P.J., Wright, J.A., Peck, J.N.T., Oganesyan, V.S. and Pickett, C.J. (2010)
The third hydrogenase: a ferracyclic carbamoyl with close structural analogy
to the active site of Hmd. Angew. Chem., Int. Ed. 49, 7508–7511.
[33] Royer, A.M., Salomone-Stagni, M., Rauchfuss, T.B. and Meyer-Klaucke, W.
(2010) Iron acyl thiolato carbonyls: structural models for the active site of the
[Fe]-hydrogenase (Hmd). J. Am. Chem. Soc. 132, 16997–17003.
